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AN EXPERIMENTAL INVESTIGATION AND CORRELATION OF THE HEAT
REDUCTION TO NONPOROUS SURFACES BEHIND A POROUS LEADING
EDGE THROUGH WHICH COOLANT IS EJECTED*
By William G. Witte and Bernard Rashis
SUMMARY
A configuration of a wing segment having constant chord thickness_
0° sweep, a porous steel semicircular leading edge, and solid Inconel
surfaces was tested in a Mach number 2.0 ethlyene-heated high-temperature
air jet. Measurements were made of the wing surface temperatures at
chordwise stations for several rates of helium flow through the porous
leading edge. The investigation was conducted at stagnation temperatures
ranging from 500 ° F to 2,400 o F_ at Reynolds numbers per foot ranging
from 0.3 x 107 to 1.2 x 107 , and at angles of attack of 0°, ±5 ° , and ±15 ° .
The results indicated that the reduction of wing surface tempera-
tures, with respect to their values for no coolant flow_ depended on the
helium coolant flow rates and the distance behind the area of injection.
The results were correlated in terms of the wall cooling parameter and
the coolant flow-rate parameter, where the nondimensional flow rate was
referenced to the cooled area up to the downstream position.
For the same coolant flow rate_ lower surface temperatures are
achieved with a porous-wall cooling system. However_ since flow-rate
requirements decrease with increasing allowable surface temperatures_
the higher allowable wall temperatures of the solid wall as compared to
the structurally weaker porous wall_ sharply reduce the flow-rate require-
ments of a downstream cooling system. Thusj for certain flight condi-
tions it is possible to compensate for the lower efficiency of the down-
stream or sol_d-wall coaling system. For example, a downstream cooling
system using solid walls that must be maintained at i_800 ° F would
require less coolant for Mach numbers up to 5.5 than would a porous-wall
cooling system for which the walls must be maintained at temperatures
less than or equal to 900 ° F.
*Title_ Unclassified.
2INTRODUCTION
A solution to the problem of aerodynamic heating of wing structures
at high flight Machnumbersmaybe found through the incorporation of
sometype of cooling system. Twocooling systems which have been inves-
tigated previously are transpiration cooling (ref. i) and upstream ejec-
tion cooling (ref. 2). In upstream ejection cooling, the coolant is
ejected through a tube at the stagnation point and forms a shroud or
film over the surface to be cooled. In transpiration cooling, the
coolant passes through as well as over the cooled surface. The coolant
comes into intimate contact with the surface and is then ejected into
the boundary layer. The temperature and velocity profiles of the bound-
ary layer are altered and the heat transfer through the boundary layer
is reduced. The present model utilizes a small section of porous mate-
rial for the leading edge. The purposes of the present investigation
were (i) to measure, for different test conditions, the reduction in
heating on solid surfaces located behind a porous leading edge and (2)
to correlate the results of the various tes%s in terms of parameters
readily determined for any full-scale fligh-_ condition.
SYMBOLS
Cp
d
F
h
M
NSt
P
S
specific heat_ Btu/ib-°F
diameter of cylindrical leading e.[ge, in.
ratio of coolant weight flow rate to free-stream weight flow
rate, w/S
heat-transfer coefficient, Btu/(s I ft)(sec)(°F)
Mach number
Stanton number
pressure, psia
cooled area, sq ft
distance downstream from porous leading-edge flat-plate
juncture, in.
3T temperature, OF unless otherwise noted
V velocity, ft/sec
w total mass-flow rate, !b/sec
x distance downstream from stagnation point on porous leading
edge, measured along surface, in.
angle of attack, deg
7 ratio of specific heats
boundary-layer recovery factor
p density, Ib/cu ft
Subscripts:
aw
c
w
o
pw
SW
t
t 2
wall
adiabatic wall
coolant
equilibrium conditions pertaining to skin of model
conditions outside boundary layer
zero coolant flow rate
porous wall
solid wall
total conditions
total conditions behind normal shock
conditions pertaining to skin of model
free-stream conditions
TEST FACILITY AND PROCEDURE
The present investigation was conducted in a Mach number 2.0 ethylene-
heated high-temperature air jet. This facility is capable of producing
stagnation temperatures ranging from 900 ° F to 3,500 ° F by burning mixtures
of ethylene and ai_. The air is initially h_ated to 500° F and is then
passed into a combustion chamberwhere it is mixed with the ethylene
gas. Complete details of this facility are _iven in reference 3.
The model wasmounted on a catapult sti_g as shownin figure i.
Before injection of the model into the stre_m_ steady-state conditions
were achieved in the tunnel flow and in the flow of helium through the
model. After injection of the model into the stream_ the helium flow
was adjustedj when necessary, to the preinJection flow rate. The tests
were of sufficient duration to achieve equilibrium values of the model
surface temperatures.
Model and Instrumentation
The model used in these tests is shown_n figure 2. The leading
edge was madeby bending a flat piece of 1/16-inch-thick porous stain-
less steel into the semicircular shape. Three thermocouples were attached
to the inside of this porous strip for temperature measurements. These
thermocouples failed mechanically during the initial stages of testing
and no useful data were obtained from them.
The wing surfaces of the model were constructed of O.050-inch-thick
flat-plate Inconel. Thesewere instrumented with pressure tubes and
thermocouples of No. 30 (American wire gage) chromelalumel wire as indi-
cated in figure 2.
The wing surfaces were supported intern_lly by two 0.050-inch-thick
Inconel bulkheads to prevent buckling at high temperatures. Both bulk-
heads were placed an inch from the thermocouole center linej in order to
minimize temperature errors due to conductio_ of heat to these supports.
A backing plate of 0.050-inch-thick Inc_nel separated the leading edge
internally from the rearward part of the win!_ section. The ends of the
two i/4-inch helium supply lines were welded to this plate. Thus, no
coolant cameinto contact with the internal ring surfaces.
A perforated half-cylinder strip was pllced between the porous
leading edge and the backing plate to facilitate the distribution of the
helium coolant along the porous leading edge. A pressure tube and a
thermocouple were installed near this perforated strip in order to measure
the temperature and pressure of the helium i_side the model.
A flowmeter, a thermocouple, and a pressure tap were installed in
the coolant supply line between the model an_ the helium supply tanks in
order to measurethe total mass flow of helium going into the model.
Data Reduction
FoE the tests at 0° angle of attack, the model center line coincided
with the center line of the jet. The total mass flow of coolant ejected
through the porous leading edge was divided equally with one-half the
coolant flowing over one wing surface and one-half flowing over the other
wing surface. For angles of attack of 5° and 15 ° , the porous leading
edge was not alined symmetrically with the flow and the calculated amount
of the total mass flow which flowed over the compression side was con-
siderably less than that which flowed over the expansion side. No means
were available for measuring the percentage distribution of the total
coolant mass flow. However, the mass flow of coolant through a porous
material is essentially inversely proportional to the pressure on the
outside of the porous material. Thus, the percentage distribution of the
coolant flow was assumed equal to the ratio of the integrated values of
the reciprocals of the surface pressures for the two sides. Although
these ratios actually depend somewhat on the actual value of the pressure
inside the model, the variation in the ratios was less than 2 percent
for two cases which were computed considering the inside pressure values.
If the surface pressures given in figure 3 (fig. 9 of ref. 4) are used,
the distribution of the coolant flow was roughly 57 percent and 19.5 per-
cent for the compression sides at angles of attack of 5° and 15 °, respec-
tively, and 65 percent and 80.5 percent for the expansion sides.
The faired surface-pressure distributions on the wing surfaces as
a function of distance from the porous-leading-edge flat-plate Juncture
and angle of attack are shown in figure 4. In the tests at angles of
attack of 5° and 15 ° , the surface containing five pressure tubes was
the compression side.
The local mass-flow values were calculated from
_e ratio (pV)z/(pV)_ as a function of distance from the
l
porous-
leading-edge flat-plate juncture and angle of attack are shown in
figure 5.
The heat-transfer coefficients for zero coolant flow as a function
of distance from the porous-leading-edge flat-plate Juncture and angle
of attack are shown in figure 6. The stagnation temperature for these
tests was approximately 11000 ° F, for which _ = 1.5 (ref. 5).
The variation of the heat-transfer ratio for zero coolant flow as
a function of angle of attack is shown in figure 7. Measured values
6for two thermocouple stations are indicated by test points. The solid
line shows values that were calculated acccrding to the procedure given
in reference 6.
The values of Taw , the boundary-layer recovery temperature for
zero coolant flow, were computed by using a recovery-factor value of 0.88.
The nondimensional flow rate F was computed from
where w was the total flow in pounds per second over the cooled surface
and S was the area from the porous-leading-edge flat-plate Juncture to
the downstream thermocouple stations.
The specific heat values for helium and air used in the correlation
parameter (F/Nst,o)(Cp,c/Cp,l) were obtained from reference 7. The term
Cp, c was evaluated at the cooled wall tenperature, and the term Cp,l
was evaluated at the local temperature.
RESULTS AND DISCUSSION
Figures 8, 9, and i0 show typical temperature time histories for
thermocouple stations along the flat-plat, l wing surfaces. For the test
at 0° angle of attack, the temperatures o:i both wing surfaces of the
model were essentially equal; therefore, _he temperature time history
for only one surface was plotted. In all tests the temperatures for all
stations reached equilibrium values. The calculated adiabatic (or zero
flow) values are also shown. It should b_ noted that the equilibrium
temperatures along both surfaces of the mgdel, for all three angles of
attack, become successively higher with izcreasing distance from the
leading edge. For the test at 5° angle off attack, the temperatures on
the compression side are higher than the temperatures at the same ther-
mocouple stations on the expansion side. For 15 ° angle of attack, the
temperatures on the compression side are markedly higher than the tem-
peratures on the expansion side. In fact, for the test at 15 ° angle of
attack, the temperature at the thermocou_le station farthest from the
leading edge on the expansion side is lower than the temperature at the
first thermocouple station on the compre_sion side. It should be noted
that the ratios of weight flow of helium passing over the expansion
side to the weight flow of helium passing over the compression side are
roughly 5/3 for 5° angle of attack and 4'1 for 15 ° angle of attack.
7Although the total temperatures and weight flows of helium are almost
the same for both the ccmpression sides at _ = 5° and 15 °, the equilib-
rium temperatures along the flat plate are higher for the 15 ° case than
for the 5° case, due to the higher adiabatic wall tem#erature for the
15 ° case. It should be noted that for all the tests of the present
investigation, the porous wall temperatures were approximately the same
a_ t_e initial temperatures of the helium coolant, which was essentially
at ambient temperature.
Tw - Tc
Figure ii shows typical curves of the wall cooling parameter
Taw - T c
plotted against s/d, the distance behind the porous-leading-edge flat-
plate juncture divided by the diameter of the leading edge, for angles
of attack of 0 °, 5° , and 15 °. For the case of 0 ° angle of attack, the
curve rises sharply at first, indicating a rapid decrease in cooling
along the wing surface behind the porous leading-edge flat-plate Junc-
ture. The curve then becomes more gradual, indicating a more gradual
decrease in the cooling. The curves for the compression sides at
= }o and i} ° are similar to the curve for _ = 0 ° but are higher and
rise more sharply; this indicates that the cooling is less and decreases
more rapidly than for _ = 0°. The curves for the expansion sides at
= 5° and 15 ° are lower and less curved than for _ = 0°; this indicates
that the cooling is greater and decreases more gradually than for the
= 0 O .
Figures 12(a), 12(b), and 12(c) show the wall cooling parameter
(Tw - Tc)/(Taw - Tc)plotted against the coolant flow-rate parameter
(F/Nst,o)(Cp,c/Cp,%) for angles of attack of 0 °, 5° , and 15 °, respec-
tively. The data were separated as to angle of attack for clarity.
The faired curves for figures 12(a), (b), and (c) are the same. The use
of these parameters enabled correlation of all the test results.
Figure 13 shows the curves for downstream cooling and for transpira-
tion cooling of a completely porous wing surface (ref. i). The curve
for a completely porous wing surface is lower than the curve for down-
stream cooling; this shows that, for the same flow rate of coolant,
lower wall temperatures are achieved on the surface of the completely
porous material than on the solid surfaces of a downstream cooling
system. However, it should be noted that the maximum allowable tempera-
ture that porous stainless steel may reach before deteriorating is
approximately 900 ° F_ whereas the maximum allowable temperature for
solid material would be much higher. Since for the same heating environ-
ment, increasing the allowable surface temperature will sharply decrease
the flow-rate requirements, it is possible, for certain flight condi-
tions, to compensate for the lower efficiency of the solid-wall cooling
system.
8Figure 14 illustrates this compensating effect for the case where
the maximum allowable temperature of the oorous material is 900 ° F.
The region above the curve represents the conditions for which the higher
allowableiltemperature of the solid wall decreases the flow-rate require-
ments below the value required to maintain a porous material at 900 ° F.
For a solid steel surface, Tsw/Tpw is approximately 2.0, thus a down-
stream system using solid steel walls maintained at 1,800 ° F would
require less coolant for Mach numbers up to 5.5- The procedure for com-
puting the curve of figure 14 is given in the appendix.
CONCLUDING REMARKS
Through use of the wall cooling parameter and the coolant flow-rate
parameter, where the nondimensional flow rate is the total flow ejected
divided by the cooled area up to the downstream position, the tempera-
ture distributions on a solid surface behind a porous lead_n_ _dg_ ti_...._gh
which helium was ejected were correlated. There were no effects on the
correlation due to stagnation-temperature variation or angle-of-attack
variation.
For the same coolant flow rate, low_r surface temperatures are
obtained with a porous-wall coolin_ system. However, since flow-rate
requirements decrease with increasing allowable surface temperatures,
the higher allowable wall temperatures o_ the solid wall, as compared to
the structurally weaker porous wall, sharply reduce the flow-rate require-
ments of a downstream cooling system. Thus, it is possible, for certain
flight conditions, to compensate for the lower efficiency of the down-
stream or solid-wall cooling system. Fol example, a downstream cooling
system using solid steel walls maintainec at 1,800 ° F requires less
coolant for Mach numbers up to 5.5 than _ould a porous-steel-wall cooling
system for which the walls must be maintEined at temperatures less than
or equal to 900 ° F.
Langley Research Center,
National Aeronautics and Space Admi1_istrationj
I_ngley Field, Va., October 28_ 1959.
APPENDIX
PROCEDUREFOROBTAININGCURVEIN FIGURE14
In this section, the details of the procedure for obtaining the
curve shownin figure 14 are given. The curve of figure 14 represents
the specific case of where the porous-wall temperature is maintained at
900° F. Also, the curve of figure 14 is somewhatrestrictive since, in
order to simplify the computations, it was assumedthat the coolant and
local airstream temperatures were equal, and it was also assumedthat
7 was constant (1.4) for the Mach number range. By definition
7-1 )Taw = TZ i + _ _ M_ 2
the parameter (Tw - Tc)/(Taw - Tc) can be written as
(Tw- To) Tc
) c) 7-1M2 h
For simplicity, let TZ = Tc = 500 ° R; _ = 0.88 and 7 = 1.4, then
Tw - T c Tw - 500 °
Taw - T c 88M_ 2
Values of this parameter are then calculated for a range of values
for Tw and M_. The corresponding values for (F/Nst ,o) are then
sw
read off the downstream or solid-wall cooling curve. Figure 15 shows
the values of Tsw as a function of (F/Nst,o)s w for constant Mach
number.
In determining the porous-wall values, the corresponding F/Nst,o
values are read off the porous-wall cooling curve. Figure 16 shows the
Mach number variation with (F/NStjo)p w for Tpw equal to 500o F,
900 ° F, and 1,400 ° F. In order to obtain curves, such as shown in fig-
ure 14, the Mach number and (F/NSt,o)p w values are read from figure 16
i0 CONFIDENTIAL
using the curve for the Tpw that is specified. Then from figure 15,
the value of Tsw is read for the samenumerical values of M and
F/Nst,o. The ratio Tsw/Tpw is thereby determined as a function of Mach
number for (F/Nst,o)sw : (VNst,o)pw and _pw constant.
ii
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